Chemical and Physical Changes in Tropical Soils from Seawater Exposure and Subsequent Rainwater Washes  by Chappell, Mark et al.
 Procedia Earth and Planetary Science  7 ( 2013 )  131 – 134 
1878-5220 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Organizing and Scientific Committee of WRI 14 – 2013
doi: 10.1016/j.proeps.2013.03.190 
Water Rock Interaction [WRI 14] 
Chemical and physical changes in tropical soils from seawater 
exposure and subsequent rainwater washes 
Mark Chappella*, Matthew Middletonb, Cynthia Pricea 
aUS Army Engineer Research & Development Center, 3909 Halls Ferry Rd, Vicksburg, MS 39180 USA 
bBadger Technical Services, Vicksburg, MS 30180 
Abstract 
There is little published information regarding the response of tropical island soils to periodic seawater intrusions. In 
this paper, we describe batch experiments where samples of three Hawaiian acidic upland soils (collected from 
western Oahu, Hawaii) were equilibrated for 16 h with simulated seawaters, ranging from 0.25-25 g L-1 (or ppT) of 
total salt, and then washed three times with 20 µS cm-1 solutions containing dilute concentration of NaCl (approx. 
0.01 g.L-1) to simulate rainfall events. Solution data showed that the exchangeable sodium (ExNa) loads were high on 
all soils. While much of this ExNa was lixiviated with the rainwater washes, the soil exhibited significant remaining 
exchangeable sodium percentages (ESP). Consequences of the residual ESP after intensive washings were exhibited 
in the enhanced dispersiveness (i.e., increased settling time) of the soil colloids. In balance of the continuous sea 
spray and lower rainfall of the site, it is likely that high salt, high sodium effects would be manifested for extended 
periods of time in these soils. 
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1.  Introduction 
While models are being developed to predict how global climate patterns may change with warming, 
there are limited studies on the impact these changes could have on soils. Most of the work to date has 
focused on changes in soil carbon dynamics. Yet, to our knowledge, very few studies have focused on the 
potential soil response to seawater intrusions from climate change-mediated sea-level rise. The available 
literature suggests that the effect of seawater intrusions on soils is potentially long lasting. For example, 
Blood et al. [1] showed that soils retained high concentrations of salt four months after a 5-8 m storm 
 
* Corresponding author. Tel.: +1 601 634 2802. 
E-mail address: mark.a.chappell@usace.army.mil. 
Available online at www.sciencedirect.com
 2013 The Authors. Published by Elsevier B.V.
election and/or peer-r view under responsibility of the Organizing and Scientific Committee of WRI 14 – 2013
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
132   Mark Chappell et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  131 – 134 
surge from the 1989 hurricane Hugo inundated a coastal pine forest in South Carolina. Others showed 
significant salinization problems in soils and groundwaters in India and Sri Lanka, following the 
devastating 2004 Indian Ocean tsunami [2] and the 2011 tsunami off the coast of Japan. Given the high 
salt and Na content of seawater, soils will likely develop either saline and/or sodic soil behavior from 
seawater intrusions. The implications of seawater intrusions on the development of saline/sodic soils are 
quite serious, causing potentially catastrophic damage to island agricultural industries and economies. 
High Na strongly deteriorates soil structure and thus its viability to support critical infrastructure (bridges, 
runways), native vegetation, and food production. Studies have shown that embankments made of sodic 
soils and rigid structures (e.g., culverts, bridges, pavements, etc.) were readily compromised, sometimes 
as short as 8 months after construction [3, 4], due to the ready dispersibility of the soil. In agriculture, 
sodic soils are readily dispersed or disaggregated, severely limiting water movement and gas exchange 
needed for crop growth [5]. As a result, sodic soils are either severely water limited (leading to dryland 
salinization), water logged, or highly erodible.  
Most of the current information on sodic soils comes from areas of the world that are naturally high in 
natric (i.e. Na bearing) parent material, and generally in arid and semi-arid regions (e.g., Western and 
Mid-Western U.S.). Little information is available in the scientific literature regarding the potential 
impacts on soils developed in tropical/sub-tropical climates, particularly in the context of climate change-
mediated ocean storm activity and sea level rise.  
2. Materials and Methods 
For these experiments, three acidic, Oahu soils were selected on the western side of Oahu, Hawaii, 
USA, facing the westward-blowing trade winds (called the windward lowlands). The soils were a 
Tantalus (TAE) silt loam (Medial over pumiceous or cindery, ferrihydritic, isothermic Typic 
Hapludands), a Leilahua (Le) silty clay (Very-fine, ferruginous, isothermic Ustic Kanhaplohumults), and 
a Wahiawa (Wa) silty clay (Very-fine, kaolinitic, isohyperthermic Rhodic Haplustox). Approximately 5 g 
of soil was placed in 50 mL PP centrifuge tubes containing approx. 30 mL of Instant Ocean solution, 
adjusted to total salt concentrations ranging from 0.25 to 25 g L-1 and shaken for 16 h. After shaking, an 
aliquot of suspension was withdrawn from each tube, diluted by 1:10, and then pipetted 3 mL into a 
disposable cuvette. Soil settling rates were computed by measuring the change in suspension scattering at 
600 nm light with time using a Varian Carey 50 UV-vis-NIR spectrometer as described previously [6]. 
The remaining suspension in the test tube was centrifuged at approx. 9500 rpm (approx. 3000 xg) for 10 
min. The equilibrium solution was sampled and analyzed for total elemental concentrations by ICP-AES, 
pH and EC by potentiometric methods. Afterwards, sedimented soils were washed with a very dilute 
NaCl equivalent to 20 µS cm-1 as measured by Accumet electrical conductivity (EC) probes. Soils were 
washed for a total of three times. 
3. Results & Discussion 
Table 1 presents the exchangeable cation composition for the three soils. Given the location of these 
soils, it seems the continuous sea-spray has resulted in a high amount of ExNa ranging from 1.6-2.7 cmol 
kg-1, or 7-31 % ESP. By USSL definitions [7], the Leilahua and Wahiawa soils are defined as sodic soils 
although sodic soil-like properties have never been reported. Given the drier climate that exists on the 
western side of the island, there is likely insufficient rainfall to match the sea-spray mediated loading of 
Na on the exchange phase. 
Data obtained during the different seawater exposures and rainwater washes (not shown) indicated that 
all soils were highly loaded with ExNa, yet this was readily leached with successive rainwater washes – 
the magnitude of decrease depending on the initial seawater salt concentration. These decreases in ExNa 
corresponded with an increase in ExCa and ExMg (and decreased ESP), consistent with the shifting ionic 
133 Mark Chappell et al. /  Procedia Earth and Planetary Science  7 ( 2013 )  131 – 134 
preference of charged surfaces toward cations of higher valence with decreasing ionic strength [8].    
 
 
Table 1.  Cation exchange composition of the three soils, Tantalus (TAE), Leilahua (Le), and Wahiawa (Wa). 
 
Soil TAE Le Wa TAE Le Wa 
Cation  Exchangeable cations (mg kg-1)  % CECb  
Ca 1.9 0.6 1.4 - - - 
Mg 34 1.9 4.7 - - - 
K 0.5 1.3 0.6 1.2 24 7.5 
Na 2.7 1.8 1.6 7.0 32 19 
CECa (cmol kg-1) 39 5.6 8.4 - - - 
a CEC calculated from the sum of the exchangeable cations converted to units of cmol(+) kg-1.   
b %CEC represents the ExK or ExNa divided by ExCa + ExMg.   
 
The physical consequence of seawater exposures on the dispersion potential of soils was investigated 
using simple settling studies. Typical soil settling data is presented in Figure 1. At equilibrium with 0.25 
ppT seawater, the Wahiawa soil exhibited a slow settling behaviour compared to the higher salt 
concentrations (10-25 ppT). These outcomes are consistent with the collapse of the Debye screening 
length, as described for charged colloidal particles, which is modelled as proportional to the square root 
of the solution ionic strength [9, and references therein]. The shrinking double layer volume around 
individual aggregates, promotes higher proportions of successful interparticle collisions and faster 
aggregation. However, the settling behaviour of the Wahiawa soil was very different after the rainwater 
washes. Figure 1 shows that the settling curves “separate”, with soils that were exposed to the highest 
seawater salt concentration, exhibiting the highest turbidity throughout the settling period. Thus, this 
behaviour may be attributed to the residual soil ESPs.  
 
 
Fig. 1. Example settling curves for the Wahiawa soil exposed to different concentrations of seawater. Curves are 
shown at equilibrium (following seawater exposure) and after washes 1-3.   
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4. Conclusion 
 This study demonstrates the impact of seawater salts on the chemical and physical properties of 
acidic tropical soils. Experiments demonstrated that these soils exhibited high loadings of ExNa. Classical 
ion exchange behaviours were exhibited with respect to solution ionic strength and heterovalent ion 
selectivity. Much of the ExNa was removed with rainwater washes, however, it is important to point out 
that at the particular soil collection site in western Oahu, the combination of continuous sea spray and low 
rainfall will prolong the time necessary to wash out the salts. Thus, the deleterious impacts of high salt-
high sodium may be observed in soils for extended periods of time. 
 
References 
 
[1] Blood ER, Anderson P, Smith PA, Nybro C, Ginsberg KA. Effects of Hurricane Hugo on coastal soil solution chemistry in 
South Carolina. Biotropica 1991; 23: 348-355. 
[2] Kume T, Umetsu C, Palanisami K. Impact of the December 2004 tsunami on soil, groundwater, and vegetation in the 
Nagapattinam district, India. J Environ Management 2009; 90: 3147-3154. 
[3] Biggs AJW, Mahony KM. In Is soil science relevant to road infrastructure?, 13th International Soil Conservation Organzation 
Conference, Brisbane, Australia, July 2004; ISCO: Brisbane, Australia, 2004. 
[4] Carse A, Bell A. In Design of Queensland road infrastructure for high risk environments, 13th International Soil Conservation 
Organisation Conference, Brisbane, Australia, July 2004; ISCO: Brisbane, Australia, 2004. 
[5] Fitzpatrick RW, Boucher SC, Naidu R, Fritsch E. Environmental consequences of soil sodicity. Aust J Soil Res 1994; 32: 1069-
1093. 
[6] Chappell MA, George AJ, Dontsova KM, Porter BE, Price CL, Zhong P et al. Surfactive stabilization of multi-walled nanotube 
dispersions with dissolved humic substances. Environ. Pollut. 2009; 157: 1081-1087. 
[7] Burt R. Soil Survey Laboratory Methods Manual. National Resources Conservation Service: 2004. 
[8] Evangelou VP. Environmental Soil and Water Chemistry:  Principles and Applications. New York: John Wiley & Sons, 1998. 
[9] Morrison ID, Ross S. Colloidal dispersions: suspensions, emulsions, and foams. New York: John Wiley & Sons, 2002. 
 
 
